




































cat. catalytic amount of 
conc. concentrated 
decomp. decomposition 





NMR nuclear magnetic resonance 
quant. quantitative yield 
RCM ring-closing metathesis 
rt room temperature 
sat. saturated 




EI electron ionization 
ESI electrospray ionization 
FAB fast atom bombardment 
HRMS high resolution mass spectrometry 
Hz hertz 
IR infrared spectroscopy 
m multiplet 
MS mass spectrometry 
















DIBAL diisobutylaluminum hydride 
DMAP 4-(dimethylamino)pyridine 
DMF dimethylformamide 







LHMDS lithium hexamethyldisilazide 
Me methyl 
MS molecular sieves 





TBAF tetrabutylammonium fluoride 




TCPTAD 4,5,6,7-tetrachloro-N-phthaloyl-l-adamantyl glycinate 
TES triethylsilyl 
Tf trifluoromethanesulfonyl 
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1. Turkiyenine 提唱構造の全合成 
Turkiyenine (1) は 1984 年にペンシルベニア州立大学の Shamma らによって，
トルコに生息する抗不整脈作用を有する薬用植物 Hypecoum procumbens L. 
(Papaveraceae) から単離されたイソキノリンアルカロイド誘導体として報告さ
れた天然物である (Figure 0-1)3．1 の構造は，1H-NMR と IR 及び MS により提唱
されており，スピロ中心に当たる含窒素不斉四置換炭素の絶対立体配置は明ら
かにされていない．また Shamma らは 1990 年に，1 の旋光度の符号が反転した
エナンチオマー体を，同じくトルコに生息し，百日咳や黄疸の治療に用いられ











Figure 0-1. Turkiyenine (1) の構造 
 
1 は，そのもの自体の生物活性は明らかとなっていないが，単離植物である 




生物活性を持つことが期待される turkiyenine (1) に興味を抱き，その絶対立体配
置の決定と生物活性の同定を行うことを所期の目的として不斉合成研究に取り
組んだ．以下に turkiyenine 提唱構造 (1) の合成における課題と合成戦略，及び
著者の検討結果の概略を示す． 















アザスピロ環化反応によって達成できると考えた (Table 0-1)7． 





合成への応用を考える上で，参考になる結果は 3e, 3f である．すなわち，6 位ク
ロロ体 3e は良好な収率かつ高エナンチオ選択的に反応が進行するが，7 位ブロ



















Scheme 0-1. 不斉アザスピロ環化反応 (反応機構) 
 
著者は，本不斉アザスピロ環化反応をベンゾフラン 6,7 位二置換基質 7 に適用
することで，turkiyenine 提唱構造が有する 3-アルキル-3-アミノ-2,3-ジヒドロベ
ンゾフラン骨格をエナンチオ選択的に構築し，1 の不斉合成が達成できると期待





























Scheme 0-2. 3-アルキル-3-アミノ-2,3-ジヒドロベンゾフラン骨格の構築 
 

















ていないと考えられる (Scheme 0-3)10d,11c． 
 
 













Table 0-2. Liu らによる 3-ベンゾアゼピン-1-オン骨格の構築 
 
この課題に対し，著者はベンザインを用いたβ-ケトラクタム 20 のアシル-ア







Scheme 0-4. 3-ベンゾアゼピン-1-オン骨格の構築 
 
ベンザインを用いたアシル-アルキル化反応は，2005 年に Stoltz らにより，鎖










































Table 0-3. Stoltz らによるベンザインを用いたアシル-アルキル化反応 
 
本反応は，温和な弱塩基性条件下，形式的な [2+2] 環化付加反応と開環反応







Scheme 0-5. ベンザインを用いたアシル-アルキル化反応 (反応機構) 
 
また，Stoltz らは本法を生物活性天然物の合成に応用し，その有用性を実証し
ている (Scheme 0-6)14．すなわち，10 員環ラクトン 29 を基質とし，アシル-アル
キル化反応が進行した 12 員環ラクトン 30 を合成し，このものを還元すること
で，(−)-curvularin (31) の不斉全合成の達成を報告している． 
 
 















タム 34 は Dieckmann 縮合によりメチルエステル 35 から導き，このものはスピ
ロカルバメート 36 から導けると考えた．36 の含窒素不斉四置換炭素の構築は，
不斉アザスピロ環化反応により，ベンゾフラン 37 から導くこととした． 
 
 













章・第 1 節，turkiyenine 提唱構造の全合成は第 1 章・第 2 節でそれぞれ述べる． 
 
 
Scheme 0-8. Turkiyenine 提唱構造 (1) の全合成 
 


















Roussoella hysterioides KT1651 から roussoellol A (40) を単離した際に，構造中に
示したヘミケタール炭素のケミカルシフト値が 119.53 ppm と通常予想される値 
(100-110 ppm) よりも高周波数に現れたが，計算により得られた予測値も 118.85 
ppm と良い一致を示すことを，帰属の裏付けとして示していた (Figure 0-4)15． 
 
 
Figure 0-4. Roussoellol A の構造 
 
橋本らが用いている計算方法 (EDF2 6-31G*) の精度は，13C-NMRで 1.5 ppm，










補化合物の絞り込みを行い，エノン 41 を真の構造であると推定した (Scheme 
0-9)．次に，計算化学により予想された構造を合成化学的手法により立証するべ
く，推定構造 41 の合成研究に取り組んだ．なお，改訂構造の提唱は第 2 章・第
1 節，推定構造の合成研究は第 2 章・第 2 節にてそれぞれ述べる． 
 
 







第 1 章 Turkiyenine 提唱構造の全合成 
 
第 1 節 Turkiyenine 提唱構造の骨格構築 
 
総論で述べた合成計画のもと，turkiyenine 提唱構造 (1) の合成に取り組んだ．
はじめに，合成の鍵反応の一つであるアザスピロ環化反応を検討するべく，基
質であるカテコールメチレンエーテル単位を有するベンゾフラン 37 の合成を行
った (Scheme 1-1)． 
まず市販の pyrogallol (38) を文献報告に従い，アセチル化とカテコールのメチ
レンエーテル化によりフェノール 42 へと導いた 16．続いてアルキル化により酢
酸単位を導入後，加水分解を行いカルボン酸 43 とした後，無水酢酸中で加熱還
流下反応を行い，ベンゾフラン 46 を高収率で得た．本反応は，系中でケテン 44
が発生し，このものから分子内 [2+2] 環化付加反応が進行し，二酸化炭素の脱
離を伴いながら 4 員環中間体 45 が開環することで進行すると考えられる．その
後，二酸化セレンを用いてベンジル位酸化を行い，得られたアルデヒドを還元
しアルコール 47 とし，trichloroacetylisocyanate を用いる Kočovský のカルバメー
ト化の手法により
17







Scheme 1-1. アザスピロ環化反応の基質合成 
基質が得られたため，澁田の報告に従いアザスピロ環化反応を検討した．こ
こで，天然物の構造の確認とその合成経路の確立を目的として，始めにラセミ
合成を行うこととし，Rh 触媒としてアキラルな Rh2(esp)2 を用いて検討を行った 
(Scheme 1-2)．すなわち，PhCF3 溶媒中，PhIO と MeOH 存在下に Rh2(esp)2を室
温下作用させると原料は速やかに消失したが，スピロ環化体は 7%の収率でしか
得られず，[6,5,6] の縮合環化合物 48 が 66%の収率で得られた．本副生成物は，













れているベンゾフラン 6 位にクロロ基を有するスピロカルバメート 52 を用いて，
鍵反応であるベンザインを用いたβ-ケトラクタムのアシル-アルキル化による
3-ベンゾアゼピン-1-オン骨格の構築計画の実現可能性を検証することとした 
(Scheme 1-3a)．また，6 位クロロ体 52 は，既に当研究室で 92% ee の光学純度で
得られることが分かっている．そこで，本化合物のカテコールメチレンエーテ



























とした後，NaBH4 を用いてジオール 57 へと還元後，分子内光延反応により良好
な収率でジヒドロベンゾフラン 55 を得た (Scheme 1-5)． 
 
 
Scheme 1-5. メチルアセタールの段階的な還元的除去 
 






を行い，一級アルコール 60 を得た．次に，当研究室で開発された AZADO18 を
触媒として用いて，一級アルコール 60 のカルボン酸へのワンポット酸化を行い，
続く CH2N2 での処理によりメチルエステル 61 へと導いた．このものに，LHMDS
を作用させると Dieckmann 縮合が進行し，γ-ブチロラクタム 53 が得られた．











討した (Table 1-1)．はじめに，Stoltz らの報告に従い 13a，アセトニトリル溶媒中，
1.1 当量のベンザイン前駆体 39 と 5 当量の CsF を加熱還流下作用させると，所
望の 7 員環ラクタム 54 が 53%の収率で得られた．この際，副生成物としてβ-
ケトアミドのα位がアリール化された 63 が 8%の収率で得られた．そのため，
収率の改善を目的に，条件検討を行った．entry 2 では，ベンザイン前駆体 39 を
1.25 当量に増やし，CsF を 2.5 当量に減らし反応を検討したが，収率及び選択性
に変化は見られなかった．続いて，entry 1 の条件から反応温度を室温まで低下
させると，10:1 まで選択性の向上が見られた (entry 3)．更なる選択性の向上を
期待し氷冷下で反応を検討したが，反応が進行せず原料の回収に留まるのみで
あった (entry 4)．また，KF を THF 溶媒中作用した際に，最も高い選択性を発現
したが，分離困難な副生成物が生成するとともに収率は中程度に留まった (entry 
5)．以上の結果，entry 3 の条件を最適条件として定めた． 
 







[2+2] 環化付加反応を起こすことで，シクロブテン中間体 66 へと変換される．
続いて，環歪みを解消するように，四員環が開環し，7 員環ラクタム 54 を与え
たと考えられる．この際，フェニルアニオン中間体 65 からの分子内求核攻撃は，
より求電子性の高いケトンへ選択的に進行し，アミド基カルボニルへの付加体



























Figure 1-1. 7 員環ラクタム 54 の X 線結晶構造解析 
 
最後に，得られた 7 員環ラクタム 54 を DIBAL により還元すると，低収率で
はあるがエナミン体 67 が得られ，turkiyenine 提唱構造のコア骨格の構築を達成
した (Scheme 1-8)．なお，得られたエナミン体 67 の構造は各種スペクトルデー
タにより支持されている．特に，











































第 2 節 Turkiyenine 提唱構造の全合成 
 




的なホルミル化，Dakin 酸化により達成できると考えた (Scheme 1-9)． 
 
 


















基質に対し 50 当量用いていた MeOH を溶媒として用いることとした．これによ
り，系中に存在する MeOH の量がより過剰となり，副生成物である縮合環化合












行せず，原料が回収された (Table 1-2, entry 2)．これは，溶媒を変更したことで，
カルバメート 37 のイミノヨージナンへの酸化が遅くなったためであると考え，
反応の促進を目的に昇温を行った．その結果，加熱還流下反応を行った際に，
スピロ環化体 36 が 56%の収率で得られ，縮合環化合物 48 の生成を 11%まで抑








合成を検討した (Scheme 1-12)．本変換は，モデル合成 (Scheme 1-6) とほぼ同様









理することでメチルエステル 35 へと導いた．このものに，LHMDS を作用させ
ることで，5 員環ラクタム 34 を得た．最後に，モデル基質を用いた検討で最適
化された条件を用いて，ベンザインとの反応を行った．すなわち，過剰量の CsF
を室温下作用させると，7 員環ラクタム 32 が 77％の収率で得られた． 
 
 


























Table 1-3. アミド基カルボニル選択的な還元反応 21 
 
本条件を 32 に適用したところ，アミド基カルボニル選択的な還元が進行し，
所望のエナミン体 1 が 81%の収率で得られた (Scheme 1-14)．得られたエナミン
体 1 の構造は，各種スペクトルデータと X 線結晶構造解析により同定した 










Figure 1-2. Turkiyenine 提唱構造 (1) の X 線結晶構造解析 
 
しかしながら，天然物と合成品の NMR を比較したところ，これらは大きく異
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第 2 章 Turkiyenine の真の構造の推定と推定構造の合成研究 
 










わせから導かれる化合物が，turkiyenine の真の構造であると考えた (Scheme 2-1)． 
 
 
Scheme 2-1. Turkiyenine の部分構造改訂 
 
以上の考察のもと，天然物の真の構造の候補化合物として，次に示す 8 つの






Figure 2-1. Turkiyenine の真の構造の候補化合物の構造 
 
ここで，単離者の Shamma らにより，天然物がヒドロフラン環構造を有する










Figure 2-2. Turkiyenine の帰属に関して 
 
また，単離文献における天然物の誘導化実験の結果をもとに，アミド結合を
有する化合物 (81, 83) を候補から除外した．すなわち，turkiyenine (1) は MeOH
溶媒中 NaBH4 で処理すると，ケトンが還元され dihydroturkiyenine (86) が得られ




Scheme 2-2. 単離者らによる turkiyenine の誘導化実験 
 
計算の流れについて簡単に説明する．本計算は，分子モデリングソフト
MacroModel と Spartan を用いて行った．はじめに，MacroModel を用いて候補に
挙がった化合物の分子力場計算を行い，複数の安定配座を得た．続いて，得ら
れた安定配座に対し，総論で述べた橋本らの計算方法 (EDF2 6-31G*) を用いて，
Spartan による分子軌道計算を行い，最も安定な配座を同定すると共に，その
1H-NMR のケミカルシフト値の予測を行った．まず，本計算方法の信頼性の一端




合成品との比較を行った (Figure 2-3, 2-4)． 
 
 


















3 4 5 7 11 13a 13b 18 19
 
Figure 2-4. 天然物の 1H-NMR と候補化合物の 1H-NMR の予測結果の比較 
 
その結果，turkiyenine 提唱構造の 1H-NMR のケミカルシフト予測値は，実測







然物のものと比較した結果を示した (Figure 2-5, 2-6)．その結果，天然物 1H-NMR




0.03~0.39 ppm であった．この差は，予備検討として turkiyenine 提唱構造を計算
に用いた結果 (0.05~0.45 ppm) と比較しても，計算誤差の範囲内であることが予
想された．以上の検討の結果，天然物 NMR の再解析と候補化合物の NMR 予測
により turkiyenine の真の構造を 41 であると推定した． 
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nat - cal 80 nat - cal 82
 





第 2 節 Turkiyenine 推定構造の合成研究 
 
計算化学により予想された構造を合成化学的に立証する目的で，turkiyenine
推定構造 41 の合成研究に取り組んだ．はじめに，推定構造 41 の合成計画を示
す．推定構造 41 は，提唱構造合成中間体からベンザインを用いた環拡大反応を




































































階的に行うことを計画した (Scheme 2-4)．推定構造の 7 員環部は，Friedel-Crafts
アシル化により，対応するカルボン酸誘導体 88 から導き，このものは Z-選択的














と Ullmann カップリング反応 24 の条件を検討したが，所望



















































Scheme 2-5. 環状カルバメートの N-アリール化検討 
 
そのため，N-アリール化の収率に改善の余地を残すものの，先のベンザイン
反応の検討の結果得られた N-アリール化体 87 を用いて続く工程を検討した 
(Scheme 2-6)．現在までの検討で，N-アリール化体 87 を加水分解し，アミノアル







Scheme 2-6. Turkiyenine 推定構造 41 の合成に向けた検討 
 
以上，turkiyenine の真の構造を明らかにする目的で，天然物 NMR の再解析に
よる部分構造の改訂と計算化学を用いた化合物の NMR 予測を行い，予測値が天
然物の










著者は，多環性イソキノリンアルカロイド誘導体 turkiyenine (1) の絶対立体配
置の決定と生物活性評価を所期の目的として，全合成研究に取り組んだ． 
 
第 1 章 Turkiyenine 提唱構造の全合成 
天然物の構造の確認と合成経路の確立を目的に，その提唱構造のラセミ合成
に取り組んだ．その結果，以下に示す 3 つの工程を鍵として，turkiyenine 提唱構
造 (1) の全合成を達成した． 
①6,7位二置換ベンゾフラン基質に適用可能なアザスピロ環化反応条件の確立
による，3-アルキル-3-アミノ-2,3-ジヒドロベンゾフラン骨格の構築 
電子供与性の置換基をベンゾフラン 6,7 位に導入した基質 37 を用いてアザス
ピロ環化反応を検討した (Scheme 3-1)．その結果，当研究室の澁田が報告した条
件では，ベンゾフラン 6 位の電子供与性基からの孤立電子対の供与により異性
化が進行することで，縮合環化合物 48 が 66%の収率で生成し，スピロカルバメ
ート 36 は 7%の収率でしか得られなかった．条件検討の結果，MeOH を溶媒に


















































Scheme 3-2. β-ケトラクタム 34 を用いたアシル-アルキル化反応 
 
③ケトン存在下のアミド基カルボニル選択的な還元 












Scheme 3-3. アミド基カルボニル選択的な還元反応 
 




第 2 章 Turkiyenine の真の構造の推定と推定構造の合成研究 
第1章の検討の結果，turkiyenine提唱構造の誤りが明らかとなった．そのため，
turkiyenine の真の構造を明らかにする目的で，天然物 NMR の再解析と計算化学
を用いた化合物の NMR 予測に取り組んだ．その結果，天然物の真の構造をエノ






Scheme 3-4. Turkiyenine の真の構造の推定 
 
推定に当たって留意した点は以下の通りである． 
1. 天然物 1H-NMR の解析から部分構造の改訂を行い，真の構造にはα,β-不
飽和カルボニル単位が含まれていることを予想した． 
2. 単離文献の情報から [6,6] 型のスピロ環構造を有するものと構造中にアミ
ド結合を有するものを候補化合物から除外した． 
3. 以上の情報から絞り込まれた 4つの構造に対して，計算化学による 1H-NMR
の化学シフト予測を行った．その結果，天然物
1H-NMRの実測値との差が 0.5 ppm
以内に収まっていたのは 41 のみであった． 
 
次に，計算化学により予想された構造を合成化学的手法により立証するべく，
推定構造 41 の合成研究に取り組んだ (Scheme 3-5)．現在までに，立体的に込み
入った窒素上へのアリール化が，ベンザインを用いることで進行し，N-アリー
ル化体 88 を得ることが出来た．88 から増炭を行い，7 員環の構築を検討するこ






Scheme 3-5. Turkiyenine 推定構造 41 の合成研究 
 
以上，著者は turkiyenine 提唱構造 (1) の初となるラセミ全合成を達成し，提
唱構造の誤りを明らかにした．また，天然物 NMR の再解析と計算化学を用いた








General Methods and Materials 
All reactions were carried out under an argon atmosphere with dehydrated solvents 
under anhydrous conditions, unless otherwise noted. Dehydrated THF and CH2Cl2 were 
purchased from Kanto Chemical Co., Inc. Other solvents were dehydrated and distilled 
according to standard protocols. Reagents were obtained from commercial suppliers and 
used without further purification, unless otherwise noted. Reactions were monitored by 
thin-layer chromatography (TLC) carried out on silica gel plates (Merck Kieselgel 60 
F254). Column chromatography was performed on Silica gel 60N (Kanto Chemical Co., 
Inc., spherical, neutral, 63-210 µm) and flash column chromatography was performed 
on Silica gel 60N (Kanto Chemical Co., Inc., spherical, neutral, 40-50 µm). Melting 
points were determined using a Yazawa BY-2 melting point apparatus and are reported 
uncorrected. In parentheses after melting point, the recrystallization solvents are shown. 
IR spectra were recorded on a JASCO FT/IR-410 Fourier Transform Infrared 
Spectrophotometer. 1H-NMR (400 MHz) and 13C-NMR spectra (100 MHz) were 
recorded on a JEOL JNM-AL-400 spectrometer. For 1H-NMR spectra, chemical shifts 
(δ) are given from TMS (0.00 ppm) in CDCl3 and from residual non-deuterated solvent 
peak in methanol-d4 (3.30 ppm), DMSO-d6 (2.49 ppm), (CD3)2CO (2.05 ppm), and 
CD3CN (1.94 ppm), as internal standards. For 13C-NMR spectra, chemical shifts (δ) are 
given from CDCl3 (77.0 ppm) and methanol-d4 (49.0 ppm), DMSO-d6 (39.7 ppm), and 
(CD3)2CO (29.8, 206.3 ppm), as internal standards. The following abbreviations were 
used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = 
multiplet, sept = septet, br = broad. Mass spectra were recorded on a Thermo Fisher 











A mixture of α–hydroxy-acetophenone 42 (3.36 g, 18.7 mmol), ethyl bromoacetate 
(2.27 mL, 20.5 mmol) and K2CO3 (10.3 g, 74.6 mmol) in acetone (37 mL) was refluxed 
for 2 h. After cooling, the mixture was quenched with saturated aqueous NH4Cl, and the 
resultant solution was extracted with AcOEt. The combined extracts were washed with 
brine, dried over MgSO4, and concentrated under reduced pressure to give a crude 
product that was carried on without further purification. To a solution of the crude 
product in EtOH:H2O (1:1) (37 mL) was added NaOH (1.49 g, 37.3 mmol) at 0 °C. The 
solution was stirred for 1 h at room temperature. After the reaction mixture was cooled 
to 0 °C, the mixture was carefully acidified with aqueous HCl. The deposited precipitate 
was filtered off, washed several times with cold water to provide a crude carboxylic 
product that was carried on without further purification. A mixture of the crude product 
and anhydrous AcONa (7.7 g, 93.3 mol) in Ac2O (17.6 mL, 186.5 mmol) was refluxed 
for 4 h. After cooling, saturated aqueous NaHCO3 was added, and the resultant solution 
was extracted with Et2O. The combined extracts were washed with saturated aqueous 
NaHCO3 solution, with water, and then with brine, and finally dried over MgSO4, and 




chromatography (1:5 AcOEt:Hexane) to give benzofuran 46 (2.87 g, 16.3 mmol, 87% 
for 3 steps) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 7.31 (1H, d, J = 1.2 Hz), 6.95 (1H, d, J = 8.4 Hz), 
6.85 (1H, d, J = 8.4 Hz), 6.05 (2H, s), 2.20 (3H, d, J = 1.2 Hz). 13C-NMR (100 MHz, 
CDCl3): δ 146.0, 141.2, 138.6, 130.8, 126.9, 116.1, 111.2, 104.6, 101.6, 7.8. IR (neat, 






A mixture of benzofuran 46 (746.9 mg, 4.2 mmol) and SeO2 (1.2 g, 10.6 mmol) in 
1,4-dioxane (10 mL) was refluxed for 12 h. The resulting black precipitate was filtered 
off and washed with water. The resulting mixture was extracted with AcOEt. The 
combined extracts were washed with brine, dried over MgSO4, and concentrated under 
reduced pressure to provide a crude aldehyde product that was carried on without 
further purification. To a solution of the crude aldehyde product in iPrOH (10 mL) was 
added NaBH4 (321 mg, 8.5 mmol) at 0 °C, and the mixture was stirred for 2 h. The 
reaction mixture was added saturated aqueous NH4Cl, and MeOH was evaporated under 
reduced pressure. The resultant solution was extracted with AcOEt. The combined 
extracts were washed with brine, dried over MgSO4, and concentrated under reduced 
pressure. The residue was purified by silica gel column chromatography (2:3 





Colorless solid (CH2Cl2-hexane): mp 84-85 °C. 1H-NMR (400 MHz, CDCl3): δ 7.50 
(1H, s), 7.09 (1H, d, J = 8.4 Hz), 6.87 (1H, d, J = 8.4 Hz), 6.05 (2H, s), 4.77 (2H, s), 
1.83 (1H, brs). 13C-NMR (100 MHz, CDCl3): δ 146.3, 142.2, 139.0, 130.9, 124.3, 120.9, 
111.8, 105.2, 101.8, 55.8. IR (neat, cm-1): 3335, 2903, 1499, 1482, 1255. HRMS (ESI): 
calcd for C10H8O4Na ([M+Na]+): 215.0315, found 215.0308. 
 




To a solution of alcohol 47 (676.6 mg, 3.5 mmol) in CH2Cl2 (9.0 mL) was slowly 
added Cl3CCONCO (0.75 mL, 4.2 mmol) at 0 °C. The solution was stirred for 1.5 h at 
room temperature. The solvent was removed under reduced pressure, and the residue 
was taken up in MeOH (9 mL). To this solution was added K2CO3 (48.7 mg, 0.35 
mmol), and the mixture was stirred at room temperature for 5.5 h. After water was 
added to the reaction mixture, the resultant solution was extracted with AcOEt. The 
combined extracts were washed with brine, dried over MgSO4, and concentrated under 
reduced pressure. The crude product was purified by recrystallization from 
AcOEt/Hexane to give carbamate 37 (767.3 mg, 3.3 mmol, 93%) as a colorless solid. 
Colorless solid (AcOEt -hexane): mp 199-201 °C. 1H-NMR (400 MHz, CD3OD): δ 
7.69 (1H, s), 7.13 (1H, d, J = 8.4 Hz), 6.87 (1H, d, J = 8.4 Hz), 6.03 (2H, s), 5.16 (2H, 
s). 13C-NMR (100 MHz, DMSO-d6): δ 156.6, 146.0, 144.4, 138.0, 130.4, 124.1, 117.5, 
112.2, 105.4, 101.9, 55.4. IR (neat, cm-1): 3282, 2918, 1649. HRMS (ESI): calcd for 









To a solution of acetal 52 (100.4 mg, 0.40 mmol) in 1,4-dioxane (2.0 mL) was 
added 6 M HCl (2.0 mL) at room temperature. The reaction mixture was heated at 
100 °C for 1.5 h, and then cooled to room temperature. The reaction mixture was 
added water, and the resultant solution was extracted with AcOEt and the combined 
organic layers were washed with saturated aqueous NaHCO3 solution and brine, dried 
over MgSO4, and concentrated under reduced pressure to give a crude product that was 
carried on without further purification. To a solution of the crude product in MeOH (4.0 
mL) was added NaBH4 (32.8 mg, 0.87 mmol) at 0 °C, and the mixture was stirred for 10 
min. The reaction mixture was added saturated aqueous NH4Cl, and MeOH was 
evaporated under reduced pressure. The resultant solution was extracted with AcOEt. 
The combined extracts were washed with brine, dried over MgSO4, and concentrated 
under reduced pressure. Purification by flash column chromatography (AcOEt) gave 
diol 57 (93.1 mg, 0.38 mmol, 97% for 2 steps) as a colorless solid. 
Colorless solid (AcOEt-hexane): mp 185-186 °C. 1H-NMR (400 MHz, CD3OD): δ 
7.17 (1H , d, J = 8.4 Hz), 6.81 (1H , dd, J = 8.4, 2.0 Hz), 6.78 (1H , d, J = 2.0 Hz), 
4.77 (2H, s), 4.69 (1H, d, J = 9.2 Hz), 4.37 (1H, d, J = 9.2 Hz), 3.88 (1H, d, J = 12.0 
Hz), 3.46 (1H, d, J = 12.0 Hz) ; 13C-NMR (100 MHz, CD3OD): δ 162.0, 155.9, 135.3, 











To a solution of diol 57 (100.0 mg, 0.411 mmol) in THF (4.1 mL) were added PPh3 
(129.5 mg, 0.494 mmol) and Bis(2-methoxyethyl)azodicarboxylate (115.6 mg, 0.494 
mmol) at 0 °C, and the mixture was stirred for 10 min. The reaction mixture was added 
water. The resultant solution was extracted with Et2O. The combined extracts were 
washed with brine, dried over MgSO4, and concentrated under reduced pressure. 
Purification by flash column chromatography (1:3 AcOEt:Hexane) gave 
dihydrobenzofuran 55 (80.8 mg, 0.36 mmol, 88%) as a colorless solid. 
Colorless solid (Acetone): mp 155-156 °C. 1H-NMR (400 MHz, CD3OD): δ 7.39 
(1H , d, J = 7.8 Hz), 7.01 (1H , dd, J = 7.8, 1.8 Hz), 6.87 (1H , d, J = 1.8 Hz), 
4.56-4.64 (4H, m), 3.30 (1H, s) ; 13C-NMR (100 MHz, CDCl3): δ 160.5, 157.7, 137.0, 
125.2, 124.4, 122.5, 111.5, 81.7, 75.7, 65.1. IR (neat, cm-1): 3276, 1756, 1051. 









To a solution of carbamate 55 (552.1 mg, 2.47 mmol) in CH2Cl2 (25 mL) were 
added pyridine (1.0 mL, 12.33 mmol) and Ac2O (0.7 mL, 7.39 mmol), DMAP (30.1 
mg, 0.25 mmol) at room temperature. The reaction mixture was heated at reflux for 4 h, 
and then cooled to room temperature. The reaction mixture was added water, and the 
resultant solution was extracted with AcOEt. The combined extracts were washed with 
brine, dried over MgSO4, and concentrated under reduced pressure to give a crude 
product that was carried on without further purification. To a solution of the crude 
product in MeOH (25 ml) was added K2CO3 (34.1 mg, 0.25 mmol) at room 
temperature and stirred for 0.5 h. The reaction was quenched with water and the 
mixture was extracted with AcOEt. The combined organic layers were washed with 
brine, dried over MgSO4, and concentrated. Purification by flash column 
chromatography (1:1 AcOEt:Hexane) gave alcohol 58 (406.1 mg, 1.68 mmol, 68% 
for 2 steps) as a colorless solid. 
Colorless solid (AcOEt): mp 120 °C. 1H-NMR (400 MHz, CDCl3): δ 7.16 (1H, d, J 
= 8.0 Hz), 6.90 (1H, dd, J = 8.0, 1.8 Hz), 6.86 (1H, d, J = 1.8 Hz), 6.18 (1H, brs), 
4.73 (1H, d, J = 10.2 Hz), 4.68 (1H, d, J = 10.2 Hz), 4.03 (1H, brs), 3.99 (1H, d, J = 
11.2 Hz), 3.87 (1H, dd, J = 11.2, 6.8 Hz), 1.98 (3H, s); 13C-NMR (100 MHz, 
CDCl3): δ 171.2, 160.9, 136.2, 126.6, 124.0, 121.2, 111.4, 79.3, 67.0, 65.7, 23.4. IR 
(neat, cm-1): 3294, 1648, 1604, 1482, 1059, 980. HRMS (ESI): calcd for 










To a solution of alcohol 58 (35.4 mg, 0.147 mmol) in DMF (1.5 mL) were added 
Et3N (61.4 µL, 0.44 mmol), TESCl (49.3 µL, 0.294 mmol) at 0 °C. The solution was 
stirred for 1 h at room temperature and quenched with saturated aqueous NH4Cl and 
the mixture was extracted with Et2O. The combined organic layers were washed with 
brine, dried over MgSO4, and concentrated under reduced pressure to give a crude 
product that was carried on without further purification. To a solution of the crude 
product in THF (3.0 mL) was added NaH (60%, 17.6 mg, 0.44 mmol), at 0 °C, and 
the mixture was stirred for 30 min. Then, the reaction mixture was added MeI (27.5 µL, 
0.44 mmol), and stirred for 1 h at room temperature. The reaction mixture was 
quenched with water and extracted with AcOEt. The combined organic layers were 
washed with brine, dried over MgSO4, and concentrated under reduced pressure to give 
a crude product that was carried on without further purification. To a solution of the 
crude product in THF (3.0 mL) was added TBAF (0.22 mL, 0.22 mmol) at 0 °C and 
stirred for 5 min. The reaction mixture was quenched with water and the mixture was 
extracted with AcOEt. The combined organic layers were washed with brine, dried 
over MgSO4, and concentrated under reduced pressure. Purification by flash column 
chromatography (AcOEt) gave alcohol 60 (32.2 mg, 0.126 mmol, 86% for 3 steps) as 




Colorless solid (AcOEt): mp 159-161 °C. 1H-NMR (400 MHz, CDCl3): δ 6.76 (1H, 
d, J = 7.8 Hz), 6.50 (1H, d, J = 7.8 Hz), 6.00 (1H, s), 5.99 (1H, s), 4.88 (1H, d, J = 
10.8 Hz), 4.83 (1H, d, J = 10.8 Hz), 4.24 (1H, d, J = 8.6 Hz), 4.00 (1H, s), 3.99 (1H, 
d, J = 8.6 Hz), 2.78 (3H, s), 2.17 (3H, s) ; 13C-NMR (100 MHz, CDCl3): δ 172.7, 
150.6, 143.4, 130.8, 123.3, 118.2, 101.9, 80.5, 72.5, 67.2, 35.6, 24.7. IR (neat, cm-1): 








To a solution of alcohol 60 (169.5 mg, 6.65 mmol) in CH2Cl2 (3.5 mL) were 
added Phosphase buffer (pH 7.0) (3.5 ml) and AZADO (20.2 mg, 0.133 mmol) 
followed by PhI(OAc)2 (535.1 mg, 1.66 mmol) at 0 °C. After stirring for 18 h at 
room temperature, and quenched with saturated aqueous Na2S2O3, and stirred at rt for 
20 min and the mixture was extracted with AcOEt. The combined organic layers 
were washed with brine, dried over MgSO4, and concentrated under reduced pressure 
to give a crude product that was carried on without further purification. To a solution of 
the crude carboxylic acid product in Et2O (7.0 mL) was added CH2N2 in Et2O 
(excess) at 0 °C and stirred for 2 h. The reaction mixture was concentrated under 




gave methyl ester 61 (122.8 mg, 0.434 mmol, 65% for 2 steps) as a colorless solid. 
Colorless solid (AcOEt): mp 119-121 °C. 1H-NMR (400 MHz, CDCl3): δ 7.22 (1H, 
d, J = 8.2 Hz), 6.93 (1H, d, J = 8.2 Hz), 6.91 (1H, s), 5.54 (1H, d, J = 10.8 Hz), 4.48 
(1H, d, J = 10.8 Hz), 3.75 (3H, s), 2.85 (3H, s) 2.16 (3H, s) ; 13C-NMR (100 MHz, 
CDCl3): δ 171.9, 169.8, 162.0, 137.4, 127.2, 121.3, 121.2, 111.8, 81.9, 71.3, 53.1, 
33.9, 22.5. IR (neat, cm-1): 3388, 1742, 1646, 1603. HRMS (ESI): calcd for 






To a solution of methyl ester 61 (18.8 mg, 0.066 mmol) in THF (3.3 mL) was 
added a LHMDS in THF (1.3 M, 0.15 mL, 0.199 mmol) at -78 °C. After stirring for 20 
min, the reaction was quenched with saturated aqueous NH4Cl and the mixture was 
extracted with AcOEt. The combined organic layers were washed with brine, dried 
over MgSO4, and concentrated. Purification by flash column chromatography (1:1 
AcOEt:Hexane) gave lactam 53 (15.9 mg, 0.063 mmol, 96%) as a colorless solid. 
Colorless solid (AcOEt): mp 75-77 °C. 1H-NMR (400 MHz, CDCl3): δ 6.95-6.98 
(3H, m), 4.76 (1H, d, J = 10.6 Hz), 4.58 (1H, d, J = 10.6 Hz), 3.32 (1H, d, J = 22.6 
Hz), 3.16 (1H, d, J = 22.6 Hz), 2.77 (3H, s) ; 13C-NMR (100 MHz, CDCl3): δ 204.3, 




cm-1): 2917, 1775, 1697, 1604, 1480, 1218, 1064. HRMS (ESI): calcd for 









To a solution of lactam 53 (57.9 mg, 0.23 mmol) and 2-(trimethylsilyl) phenyl 
trifluoromethanesulfonate 39 (86.7 mg, 0.25 mmol) in MeCN (8.0 mL) was added a 
cesium fluoride (175.1 mg, 1.15 mmol) at room temperature. After stirring for 1 h, the 
reaction was quenched with brine and the mixture was extracted with AcOEt. The 
combined organic layers were washed with brine, dried over MgSO4, and 
concentrated. Purification by flash column chromatography (1:4 AcOEt:Hexane) 
gave lactam 54 (47.8 mg, 0.129 mmol, 56%) as a colorless solid and lactam 63 (4.8 
mg, 12.9 µmol, 6%) as a colorless solid. 
54 : Colorless solid (CHCl3-MeCN): mp 236-238 °C. 1H-NMR (400 MHz, CDCl3): 
δ 6.95 (1H, d, J = 1.8 Hz), 6.89 (1H, dd, J = 8.2, 1.8 Hz), 6.84 (1H, s), 6.82 (1H, d, J 
= 8.2 Hz), 6.76 (1H, s), 6.06 (1H, d, J = 1.0 Hz), 6.04 (1H, d, J = 1.0 Hz), 5.39 (1H, 




14.6 Hz), 1.55 (3H, s) ; 13C-NMR (100 MHz, CDCl3): δ 200.6, 170.5, 160.4, 151.4, 
147.6, 137.1, 129.9, 129.8, 126.5, 124.7, 121.6, 112.2, 108.6, 108.2, 102.1, 80.4, 
80.1, 41.1, 32.2. IR (neat, cm-1): 3333, 2916, 1737, 1482, 1271, 1039. HRMS (ESI): 
calcd for C19H14NO5ClNa ([M+Na]+): 394.0453, found 394.0473. 
63 : Colorless solid (CH3Cl): mp 62-65 °C. 1H-NMR (400 MHz, CDCl3): δ 
6.97-7.00 (3H, m), 6.77 (1H, d, J = 8.6 Hz), 6.55 (1H, d, J = 2.2 Hz), 6.51 (1H, dd, J 
= 8.6, 2.0 Hz), 6.01 (2H, s), 5.04 (1H, s), 4.89 (1H, d, J = 10.6 Hz), 4.64 (1H, d, J = 
10.6 Hz), 2.68 (3H, s) ; 13C-NMR (100 MHz, CDCl3): δ 173.1, 169.2, 162.0, 148.6, 
148.5, 145.8, 137.0, 124.2, 122.2, 121.7, 112.5, 111.8, 108.3, 102.1, 102.0, 97.5, 
75.0, 72.8, 24.2. IR (neat, cm-1): 2896, 1696, 1482, 1333, 1204. HRMS (ESI): calcd 










































To a solution of lactam 54 (11.11 mg, 0.030 mmol) in CH2Cl2 (1.0 mL) was added 
a DABAL in Hexane (1.03 M, 29.1 µL, 0.030 mmol) at -78 °C. After stirring for 1 h, 
the reaction was quenched with water and the mixture was extracted with AcOEt. 
The combined organic layers were washed with brine, dried over MgSO4, and 
concentrated. Purification by preparative TLC (7:3 AcOEt:Hexane) gave enamine 67 
(1.28 mg, 3.60 µmol, 12%) as a yellow solid and ether 91 (2.26 mg, 6.33 µmol, 21%) 
as a colorless solid and alcohol 92 (1.96 mg, 5.52 µmol, 18%) as a colorless solid. 
67 : 1H-NMR (400 MHz, CDCl3): δ 7.84 (1H, d, J = 8.4 Hz), 7.24 (1H, s), 7.04 
(1H, dd, J = 8.4, 1.6 Hz), 6.89 (1H, d, J = 1.6 Hz), 6.75 (1H, s), 6.14 (1H, d, J = 9.2 
Hz), 6.00 (2H, s), 5.48 (1H, d, J = 9.2 Hz), 4.71 (1H, d, J = 11.0 Hz), 3.82 (1H, d, J 
= 11.0 Hz), 2.81 (3H, s) ; 13C-NMR (100 MHz, CDCl3): δ 181.0, 161.9, 151.4, 145.6, 
136.6, 134.3, 133.6, 131.9, 128.3, 121.5, 120.9, 111.2, 108.8, 108.2, 102.6, 101.6, 
75.8, 73.2, 40.4. IR (neat, cm-1): 2916, 1478, 1243, 1038. HRMS (ESI): calcd for 
C19H14NO4ClNa ([M+Na]+): 378.0504, found 378.0495. 
91 : Colorless solid (EtOAc): mp 210-213 °C. 1H-NMR (400 MHz, CDCl3): δ 6.88 
(1H, s), 6.82 (1H, d, J = 8.4 Hz), 6.76 (1H, s), 6.69 (1H, s), 6.50 (1H, d, J = 8.4 Hz), 
6.01 (1H, s), 5.99 (1H, s), 5.26 (1H, d, J = 6.6 Hz), 4.81 (1H, d, J = 10.0 Hz), 4.54 
(1H, d, J = 10.0 Hz), 4.00 (1H, d, J = 16.2 Hz), 3.91 (1H, d, J = 16.2 Hz), 2.58 (3H, 
s), 2.14 (1H, d, J = 6.6 Hz) ; 13C-NMR (100 MHz, CDCl3): δ 169.0, 161.7, 147.6, 
146.9, 136.4, 129.4, 127.0, 126.1, 123.1, 121.0, 111.1, 109.6, 107.2, 101.4, 79.4, 
75.5, 74.0, 42.8, 33.8. IR (neat, cm-1): 3360, 1603, 1481, 1379, 1039. HRMS (ESI): 
calcd for C19H16NO5ClNa ([M+Na]+): 396.0609, found 396.0603. 
92 : Colorless solid (CH3Cl): mp 114-115 °C. 1H-NMR (400 MHz, CDCl3): δ 7.38 
(1H, d, J = 8.4 Hz), 6.93 (1H, dd, J = 8.4, 1.6 Hz), 6.82 (1H, d, J = 1.6 Hz), 6.62 (1H, 




4.34 (1H, d, J = 10.8 Hz), 4.07 (1H, d, J = 10.8 Hz), 3.16 (1H, dd, J = 16.0, 3.0 Hz), 
2.67 (1H, d, J = 16.0 Hz), 2.26 (3H, s) ; 13C-NMR (100 MHz, CDCl3): δ 161.2, 147.5, 
145.3, 135.2, 127.7, 126.5, 125.9, 125.8, 120.9, 111.1, 110.0, 106.4, 100.9, 93.3, 
84.0, 79.4, 76.2, 37.0, 35.3. IR (neat, cm-1): 2917, 1602, 1592, 1481, 1236, 1062, 








In a round-bottomed flask was charged with carbamate 37 (1.66 g, 7.06 mmol) and 
MeOH (140 mL). To this solution were added PhIO (2.5 g, 11.3 mmol), 3 Å MS (6.8 g), 
Rh2(esp)2 (26.8 mg, 35.4 µmol) at room temperature. The reaction mixture was heated 
at reflux for 10 h, and then cooled to room temperature. The resulting solution was 
filtered through a Celite pad. The filtrate was concentrated under reduced pressure. The 
residue was purified by silica gel column chromatography (1:1 AcOEt:Hexane) to give 
spirocyclic compound 36 (1.05 g, 3.96 mmol, 56%) as a colorless solid and isomer 48 
(0.20 g, 8.04 mmol, 11%) as a colorless solid. 
36 : Colorless solid (AcOEt -hexane): mp 156-158 °C. 1H-NMR (400 MHz, CDCl3): 
δ 6.84 (1H, d, J = 7.8 Hz), 6.56 (1H, d, J = 7.8 Hz), 6.01 (2H, s), 5.46 (1H, s), 5.34 (1H, 




MHz, CDCl3): δ 158.3, 151.3, 140.5, 130.5, 122.4, 116.8, 113.1, 103.1, 102.0, 69.6, 
67.3, 57.5. IR (neat, cm-1): 3279, 2912, 1757, 1477, 1046. HRMS (ESI): calcd for 
C12H11NO6Na ([M+Na]+): 288.0479, found 288.0466. 
48 : Colorless solid (AcOEt -hexane): mp 202-204 °C. 1H-NMR (400 MHz, CDCl3): 
δ 6.81 (1H, d, J = 7.6 Hz), 6.61 (1H, d, J = 7.6 Hz), 6.03 (1H, s), 6.02 (1H, s), 5.96 (1H, 
brs), 5.71 (1H, d, J = 2.4 Hz), 4.41 (2H, s), 3.12 (3H, s). 13C-NMR (100 MHz, CDCl3): 
δ 153.3, 152.0, 142.8, 130.9, 117.9, 117.5, 103.4, 102.2, 91.4, 80.9, 68.5, 51.3. IR (neat, 
cm-1): 3295, 2952, 1737, 1477, 1049. HRMS (ESI): calcd for C12H11NO6Na ([M+Na]+): 






To a solution of acetal 36 (32.1 mg, 0.12 mmol) in 1,4-dioxane (0.6 mL) was 
added 3 M HCl (0.6 mL) at room temperature. The reaction mixture was heated at 
100 °C for 1 h, and then cooled to room temperature. The reaction mixture was added 
water, and the resultant solution was extracted with AcOEt and the combined 
organic layers were washed with saturated aqueous NaHCO3 solution and brine, dried 
over MgSO4, and concentrated under reduced pressure to give a crude product that was 
carried on without further purification. To a solution of the crude product in MeOH (1.2 
mL) was added NaBH4 (10.1 mg, 0.27 mmol) at 0 °C, and the mixture was stirred for 10 




evaporated under reduced pressure. The resultant solution was extracted with AcOEt. 
The combined extracts were washed with brine, dried over MgSO4, and concentrated 
under reduced pressure to give a crude diol product that was carried on without further 
purification. To a solution of the crude diol product in THF (2.0 mL) were added PPh3 
(38.2 mg, 0.145 mmol) and Bis(2-methoxyethyl)azodicarboxylate (34.0 mg, 0.145 
mmol) at 0 °C, and the mixture was stirred for 10 min. The reaction mixture was added 
water. The resultant solution was extracted with Et2O. The combined extracts were 
washed with brine, dried over MgSO4, and concentrated under reduced pressure. 
Purification by flash column chromatography (1:1 AcOEt:Hexane) gave 
dihydrobenzofuran 71 (16.6 mg, 0.07 mmol, 58% for 3 steps) as a colorless solid. 
Colorless solid (AcOEt): mp 236 °C. 1H-NMR (400 MHz, (CD3)2O): δ 7.30 (1H, 
brs), 6.93 (1H , d, J = 7.6 Hz), 6.53 (1H , d, J = 7.6 Hz), 5.97 (2H, s), 4.69 (1H, d, J 
= 10.4 Hz), 4.61 (1H, d, J = 10.4 Hz), 4.56 (1H, d, J = 9.2 Hz), 4.48 (1H, d, J = 9.2 
Hz) ; 13C-NMR (100 MHz, (CD3)2O): δ 157.8, 151.6, 143.6, 131.0, 125.6, 117.4, 
103.3, 102.7, 83.4, 75.6, 65.9. IR (neat, cm-1): 3263, 1763, 1647, 1045. HRMS (ESI): 











added pyridine (0.46 mL, 5.76 mmol) and Ac2O (0.33 mL, 3.46 mmol), DMAP (14.1 
mg, 0.12 mmol) at room temperature. The reaction mixture was heated at reflux for 12 
h, and then cooled to room temperature. The reaction mixture was added water, and the 
resultant solution was extracted with AcOEt. The combined extracts were washed with 
brine, dried over MgSO4, and concentrated under reduced pressure to give a crude 
product that was carried on without further purification. To a solution of the crude 
product in MeOH (57 ml) was added K2CO3 (15.9 mg, 0.12 mmol) at room 
temperature and stirred for 1 h. The reaction was quenched with water and the mixture 
was extracted with AcOEt. The combined organic layers were washed with brine, 
dried over MgSO4, and concentrated. Purification by flash column chromatography 
(1:1 AcOEt:Hexane) gave alcohol 72 (222.6 mg, 0.89 mmol, 77% for 2 steps) as a 
colorless solid. 
Colorless solid (AcOEt -hexane): mp 166-168 °C. 1H-NMR (400 MHz, CDCl3): δ 
6.74 (1H, d, J = 7.8 Hz), 6.48 (1H, d, J = 7.8 Hz), 5.98 (2H, s), 5.90 (1H, brs), 4.88 
(1H, d, J = 10.4 Hz), 4.80 (1H, d, J = 10.4 Hz), 4.12 (1H, dd, J = 11.2, 4.1 Hz), 4.06 
(1H, dd, J = 8.2, 4.1 Hz), 3.91 (1H, dd, J = 11.4, 8.2 Hz), 2.02 (3H, s); 13C-NMR 
(100 MHz, CDCl3): δ 171.4, 150.7, 142.7, 130.7, 124.5, 115.5, 101.9, 101.8, 80.5, 
67.5, 66.2, 23.4. IR (neat, cm-1): 3346, 2917, 1638, 1077. HRMS (ESI): calcd for 










To a solution of alcohol 72 (9.9 mg, 0.040 mmol) in DMF (1.0 mL) were added 
Et3N (22.0 µL, 0.16 mmol), TESCl (13.3 µL, 0.079 mmol) at 0 °C. The solution was 
stirred for 1 h at room temperature and quenched with saturated aqueous NH4Cl and 
the mixture was extracted with Et2O. The combined organic layers were washed with 
brine, dried over MgSO4, and concentrated under reduced pressure to give a crude 
product that was carried on without further purification. To a solution of the crude 
product in THF (1.0 mL) was added NaH (60%, 4.7 mg, 0.12 mmol), at 0 °C, and the 
mixture was stirred for 30 min. Then, the reaction mixture was added MeI (7.4 µL, 
0.12 mmol), and stirred for 3 h at room temperature. The reaction mixture was 
quenched with water and extracted with AcOEt. The combined organic layers were 
washed with brine, dried over MgSO4, and concentrated under reduced pressure. 
Purification by flash column chromatography (1:1 AcOEt:Hexane) gave silyl ether 93 
(13.3 mg, 0.035 mmol, 89% for 2 steps) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 7.08 (1H, d, J = 8.4 Hz), 6.46 (1H, d, J = 8.4 Hz), 
5.98 (1H, s), 5.95 (1H, s), 4.99 (1H, d, J = 11.2 Hz), 4.55 (1H, d, J = 10.4 Hz), 4.50 
(1H, d, J = 9.2 Hz), 3.80 (1H, d, J = 9.2 Hz), 2.91 (3H, s), 2.13 (3H, s), 0.91 (9H, t, J 
= 7.6 Hz), 0.56 (6H, q, J = 8.0 Hz) ; 13C-NMR (100 MHz, CDCl3): δ 171.0, 150.0, 
144.0, 130.3, 123.7, 121.1, 101.6, 101.0, 80.7, 70.7, 65.5, 36.1, 24.5, 6.7, 4.3. IR 
(neat, cm-1): 2954, 2875, 1655, 1475, 1390, 1055. HRMS (ESI): calcd for 










To a solution of silyl ether 93 (13.3 mg, 0.035 mmol) in THF (1.0 mL) was added 
TBAF (79.1 µL, 0.079 mmol) at 0 °C and stirred for 5 min. The reaction mixture was 
quenched with water and the mixture was extracted with AcOEt. The combined 
organic layers were washed with brine, dried over MgSO4, and concentrated under 
reduced pressure. Purification by flash column chromatography (AcOEt) gave 
alcohol 73 (9.9 mg, 0.037 mmol, quant.) as a colorless solid. 
Colorless solid (AcOEt-hexane): mp 171-172 °C. 1H-NMR (400 MHz, CDCl3): δ 
6.76 (1H, d, J = 7.8 Hz), 6.50 (1H, d, J = 7.8 Hz), 6.00 (1H, s), 5.99 (1H, s), 4.88 
(1H, d, J = 10.8 Hz), 4.83 (1H, d, J = 10.8 Hz), 4.24 (1H, d, J = 8.6 Hz), 4.00 (1H, s), 
3.99 (1H, d, J = 8.6 Hz), 2.78 (3H, s), 2.17 (3H, s) ; 13C-NMR (100 MHz, CDCl3): δ 
172.7, 150.6, 143.4, 130.8, 123.3, 118.2, 101.9, 80.5, 72.5, 67.2, 35.6, 24.7. IR (neat, 











To a solution of alcohol 73 (35.5 mg, 0.13 mmol) in CH2Cl2 (2.7 mL) were added 
AZADO (2.0 mg, 0.013 mmol) followed by PhI(OAc)2 (64.8 mg, 0.20 mmol) at 0 °C. 
After stirring for 6 h at room temperature, and quenched with saturated aqueous 
Na2S2O3, and stirred at rt for 20 min and the mixture was extracted with AcOEt. The 
combined organic layers were washed with brine, dried over MgSO4, and 
concentrated under reduced pressure to give a crude product that was carried on without 
further purification. To a solution of the crude product in THF:H2O:tBuOH (4:4:1) 
(6.7 mL) were added 2-Me-2-butene (1.0 mL), NaH2PO4 2H2O (209.1 mg, 1.34 
mmol) and NaClO2 (60.6 mg, 0.67 mmol) at room temperature, and the mixture was 
stirred for 2 h. The reaction mixture was quenched with saturated aqueous NH4Cl and 
extracted with AcOEt. The combined organic layers were washed with brine, dried 
over MgSO4, and concentrated under reduced pressure to give a crude carboxylic acid 
product that was carried on without further purification. To a solution of the crude 
carboxylic acid product in MeOH (28 mL) was added CH2N2 in Et2O (excess) at 0 °C 
and stirred for 2 h. The reaction mixture was concentrated under reduced pressure. 
Purification by flash column chromatography (AcOEt) gave methyl ester 35 (34.2 
mg, 0.117 mmol, 87% for 3 steps) as a colorless solid. 
Colorless solid (AcOEt): mp 184-186 °C. 1H-NMR (400 MHz, CDCl3): δ 6.81 (1H, 
d, J = 8.4 Hz), 6.49 (1H, d, J = 8.4 Hz), 6.00 (2H, s), 5.57 (1H, d, J = 10.4 Hz), 4.55 




CDCl3): δ 171.9, 169.9, 151.4, 144.1, 130.9, 119.4, 118.9, 102.0, 101.9, 83.2, 71.5, 
53.0, 33.7, 22.6. IR (neat, cm-1): 1689, 1636, 1479, 1058. HRMS (ESI): calcd for 






















To a solution of methyl ester 35 (13.5 mg, 0.046 mmol) in THF (4.6 mL) was 
added a LHMDS in THF (1.3 M, 106.3 mL, 0.138 mmol) at -78 °C. After stirring for 2 
h, the reaction was quenched with saturated aqueous NH4Cl and the mixture was 
extracted with AcOEt. The combined organic layers were washed with brine, dried 
over MgSO4, and concentrated. Purification by flash column chromatography (4:1 
AcOEt:Hexane) gave lactam 34 (10.1 mg, 0.039 mmol, 84%) as a colorless oil. 
1H-NMR (400 MHz, CDCl3): δ 6.53 (1H, d, J = 8.4 Hz), 6.50 (1H, d, J = 8.4 Hz), 
6.03 (1H, d, J = 1.4 Hz), 6.01 (1H, d, J = 1.4 Hz), 4.80 (1H, d, J = 10.6 Hz), 4.61 
(1H, d, J = 10.6 Hz), 3.32 (1H, d, J = 22.6 Hz), 3.14 (1H, d, J = 22.6 Hz), 2.80 (3H, 
s) ; 13C-NMR (100 MHz, CDCl3): δ 204.6, 167.2, 151.5, 143.5, 130.7, 119.6, 116.4, 
103.0, 102.1, 78.8, 76.8, 39.9, 25.3. IR (neat, cm-1): 2914, 1772, 1698, 1653, 1474, 












To a solution of lactam 34 (8.9 mg, 0.034 mmol) and 2-(trimethylsilyl) phenyl 
trifluoromethanesulfonate (39) (12.8 mg, 0.037 mmol) in MeCN (3.4 mL) was added 
a cesium fluoride (25.8 mg, 0.17 mmol) at room temperature. After stirring for 1 h, 
the reaction was quenched with brine and the mixture was extracted with AcOEt. 
The combined organic layers were washed with brine, dried over MgSO4, and 
concentrated. Purification by preparative TLC (4:1 AcOEt:Hexane) gave lactam 32 
(9.97 mg, 0.026 mmol, 77%) as a colorless solid and lactam 94 (1.05 mg, 2.76 µmol, 
8%) as a colorless solid. 
32 : Colorless solid (CH2Cl2): mp 233-235 °C. 1H-NMR (400 MHz, CDCl3): δ 6.82 
(1H, s), 6.75 (1H, s), 6.43 (1H, d, J = 8.0 Hz), 6.39 (1H, d, J = 8.0 Hz), 6.06 (1H, s), 
6.04 (1H, s), 6.02 (1H, s), 6.01 (1H, s), 5.45 (1H, d, J = 9.4 Hz), 4.62 (1H, d, J = 9.4 
Hz), 3.79 (1H, d, J = 15.2 Hz), 3.47 (1H, d, J = 14.8 Hz), 2.72 (3H, s) ; 13C-NMR 
(100 MHz, CDCl3): δ 200.7, 170.6, 151.3, 151.1, 147.4, 142.5, 131.2, 130.0, 129.6, 
124.1, 116.9, 108.4, 108.1, 102.3, 102.1, 101.9, 80.7, 80.6, 40.9, 31.9. IR (neat, 
cm-1): 2920, 1647, 1614, 1418, 1073, 1039. HRMS (ESI): calcd for C20H15NO7Na 
([M+Na]+): 404.0741, found 404.0733. 




δ 6.77 (1H, d, J = 8.4 Hz), 6.51-6.60 (4H, m), 6.01-6.04 (4H, m), 5.02 (1H, s), 4.93 
(1H, d, J = 10.6 Hz), 4.68 (1H, d, J = 10.6 Hz), 2.70 (3H, s) ; 13C-NMR (100 MHz, 
CDCl3): δ 173.3, 169.3, 151.3, 148.7, 148.5, 144.0, 130.8, 119.1, 116.2, 112.5, 108.3, 
102.9, 102.12, 102.09, 102.0, 97.3, 77.2, 76.2, 73.1, 24.2. IR (neat, cm-1): 1742, 1646, 






To a solution of lactam 32 (5.5 mg, 0.014 mmol) in toluene (0.6 mL) were added a 
1,1,3,3-tetramethyldisiloxane (6.3 µL, 0.029 mmol) and IrCl(CO)(PPh3)2 (0.1 mg, 
0.14 µmol) at room temperature for 2 h. The solvent was removed under reduced 
pressure, and purification by flash column chromatography (1:4 AcOEt:Hexane) gave 
enamine 1 (4.3 mg, 0.012 mmol, 81%) as a yellow crystal. 
1H-NMR (400 MHz, CDCl3): δ 7.46 (1H, d, J = 8.0 Hz), 7.25 (1H, s), 6.74 (1H, s), 
6.63 (1H, d, J = 8.0 Hz), 6.16 (1H, d, J = 9.2 Hz), 5.99-6.01 (4H, m), 5.46 (1H, d, J 
= 9.2 Hz), 4.78 (1H, d, J = 10.8 Hz), 3.84 (1H, d, J = 10.8 Hz), 2.82 (3H, s) ; 
13C-NMR (100 MHz, CDCl3): δ 181.1, 151.3, 150.7, 145.4, 144.2, 134.4, 133.6, 
130.4, 128.8, 124.2, 118.9, 108.8, 108.1, 102.3, 101.83, 101.78, 101.6, 76.5, 73.3, 
40.5. IR (neat, cm-1): 2917, 1649, 1475, 1039. HRMS (ESI): calcd for C20H15NO6Na 













To a solution of carbamate 71 (5.6 mg, 0.024 mmol) and 2-(trimethylsilyl) phenyl 
trifluoromethanesulfonate (39) (8.9 mg, 0.026 mmol) in toluene (1.0 mL) was added a 
TBAT (25.5 mg, 0.047 mmol) at room temperature. The reaction mixture was heated at 
100 °C for 17 h, and then cooled to room temperature. The solvent was removed under 
reduced pressure, and purification by flash column chromatography (2:3 
AcOEt:Hexane) gave N-aryl-carbamate 87 (2.2 mg, 6.20 µmol, 26%, contaminated 
with 46% of carbamate 71) as a colorless oil. To a solution of mixture of 
N-aryl-carbamate 87 (1.5 mg, 4.11 µmol) and carbamate 71 (2.0 mg, 8.68 mmol) in 
EtOH (1.0 mL) was added a 15% NaOH aq. (1.0 mL) at room temperature. The 




The reaction mixture was quenched with water and the mixture was extracted with 
AcOEt. The combined organic layers were washed with brine, dried over MgSO4, 
and concentrated. Purification by preparative TLC (3:97 MeOH:AcOEt) gave 
N-aryl-aminoalcohol 88 (1.59 mg, 4.83 µmol, quant.) as a colorless oil and 
aminoalcohol 95 (0.97 mg, 4.64 µmol, 54%) as a colorless oil. 
88 : 1H-NMR (400 MHz, CDCl3): δ 6.68 (1H, d, J = 8.0 Hz), 6.57 (1H, d, J = 8.4 
Hz), 6.44 (1H, d, J = 8.4 Hz), 6.13 (1H, d, J = 2.4 Hz), 5.97-6.00 (3H, m), 5.84 (1H, 
d, J = 1.4 Hz), 5.83 (1H, d, J = 1.4 Hz), 4.70 (1H, d, J = 10.0 Hz), 4.49 (1H, d, J = 
10.0 Hz), 3.81 (2H, s) ; 13C-NMR (100 MHz, CDCl3): δ 150.4, 148.1, 142.8, 139.6, 
130.6, 124.6, 116.5, 109.7, 108.4, 101.83, 101.81, 101.7, 100.7, 100.1, 76.9, 68.1, 
67.1. IR (neat, cm-1): 3407, 1591, 1145. HRMS (ESI): calcd for C17H14NO6 ([M-H]-): 
328.0816, found 328.0831. 
95 : 1H-NMR (400 MHz, CDCl3): δ 6.72 (1H, d, J = 8.0 Hz), 6.46 (1H, d, J = 8.0 
Hz), 5.96 (1H, d, J = 1.0 Hz), 5.95 (1H, d, J = 8.0 Hz), 4.64 (1H, d, J = 10.0 Hz), 
4.26 (1H, d, J = 10.0 Hz), 3.69 (1H, d, J = 10.8 Hz), 3.66 (1H, d, J = 10.8 Hz), 
2.01-2.16 (3H, m) ; 13C-NMR (100 MHz, CDCl3): δ 150.1, 142.5, 130.4, 127.8, 
115.4, 101.8, 101.6, 83.0, 68.0, 63.3. IR (neat, cm-1): 3852, 1653. HRMS (ESI): calcd 





X-ray Crystallographic Analysis 
X-ray Crystallography of 54 
 
Single crystals suitable for X-ray crystallography were obtained by recrystallization 
from chloroform/acetonitrile. X-ray diffraction data were collected at 150 K on a 
Rigaku XtaLAB mini diffractometer with graphite monochromated Mo Kα radiation (λ 
= 0.71070 Å). The structure was solved by direct methods (SHELX97)[1] and expanded 
using Fourier techniques. The non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms were refined using the riding model. The final cycle of full-matrix 
least-squares refinement[2] on F2 was based on 3665 observed reflections and 235 
variable parameters and converged (largest parameter shift was 0.00 times its esd.) with 
unweighted and weighted agreement factors of:  
 
R1 = Σ ||Fo| - |Fc|| / Σ |Fo| = 0.0363  
wR2 = [ Σ ( w (Fo2 - Fc2)2 ) / Σ w(Fo2)2]1/2 = 0.0940  
 
The goodness of fit[3] was 1.06. Unit weights were used. The maximum and minimum 
peaks on the final difference Fourier map corresponded to 0.29 and -0.25 e-/Å3, 
respectively. A total of 15879 reflections were measured and 3665 were unique (Rint = 
0.0328). Crystal data and refinement statistics are shown in Table S1. Atomic 
coordinates and Biso/Beq factors are listed in Table S2. Crystallographic data of 54 has 
been deposited with Cambridge Crystallographic Data Center, deposition no. CCDC 
1445818. 
 
[1] Sheldrick, G.M. Acta Cryst., 2008, A64, 112-122. 




Σw(Fo2-Fc2)2     where w = Least Squares weights. 
[3] Goodness of fit is defined as:  
    [Σw(Fo2 - Fc2)2/(No - Nv)]1/2 
  where: No = number of observations 
       Nv = number of variables 
 
Table S1. Crystal data and structure refinement for 54 
 
Empirical Formula C19H14ClNO5 
Formula Weight 371.78 
Crystal Color, Habit colorless, platelet 
Crystal Dimensions 0.400 X 0.300 X 0.100 mm 
Crystal System monoclinic 
Lattice Type Primitive 
Lattice Parameters a = 6.2519(15) Å 
 b = 11.783(3) Å 
 c = 21.713(5) Å 
 β = 93.157(7) o 
 V = 1597.1(7) Å3 
Space Group P21/n (#14) 
Z value 4 
Dcalc 1.546 g /cm3 
F000 768.00 
µ(MoKα) 2.719 cm-1 




Radiation MoKα (λ = 0.71075 Å) 
2θmax 55.0o 
No. of Reflections Measured Total: 15879 
 Unique: 3665 (Rint = 0.0328) 
Corrections Lorentz-polarization 
2θmax cutoff 55.0o 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (All reflections) 3665 
No. Variables 235 
Reflection/Parameter Ratio 15.60 
Residuals: R1 (I>2.00σ(I)) 0.0363 
Residuals: R (All reflections) 0.0417 
Residuals: wR2 (All reflections) 0.0940 
Goodness of Fit Indicator 1.064 
Max Shift/Error in Final Cycle 0.000 
Maximum peak in Final Diff. Map 0.29 e-/Å3 
Minimum peak in Final Diff. Map -0.25 e-/Å3 
 
 
Table S2. Atomic coordinates and Biso/Beq 
 
atom    x    y    z  Beq 
Cl1     0.51037(6)  0.19525(3)  0.05708(2)  2.303(9) 
O1      0.94192(16)  0.55881(9)  0.39747(5)  2.042(18) 




O3      0.38578(17)  0.20729(10)  0.34548(5)  2.33(2) 
O4      1.09711(19) -0.02700(9)  0.40608(6)  2.86(2) 
O5      1.25369(19)  0.08398(10)  0.48423(6)  2.83(2) 
N21     0.72002(18)  0.46164(9)  0.33030(5)  1.462(19) 
C2      0.5801(2)  0.33098(11)  0.24908(6)  1.34(2) 
C3      0.3616(2)  0.30907(12)  0.15379(6)  1.62(2) 
C4      0.5484(2)  0.26390(12)  0.35090(6)  1.57(2) 
C5      0.8381(2)  0.28902(11)  0.43153(6)  1.47(2) 
C6      0.7432(2)  0.22124(11)  0.38516(6)  1.53(2) 
C7      0.7514(2)  0.27545(12)  0.22484(6)  1.57(2) 
C8      0.5354(2)  0.25148(11)  0.13117(6)  1.56(2) 
C9      1.0124(2)  0.24896(12)  0.46878(7)  1.81(2) 
C10     0.7288(2)  0.23501(12)  0.16456(6)  1.61(2) 
C11     0.7699(2)  0.54068(12)  0.28042(6)  1.79(2) 
C12     0.9927(2)  0.07533(12)  0.40846(7)  1.97(2) 
C13     0.3910(2)  0.34767(11)  0.21406(6)  1.40(2) 
C14     0.7474(2)  0.40683(11)  0.44031(6)  1.52(2) 
C15     0.8169(2)  0.11068(12)  0.37317(7)  1.87(2) 
C16     0.5530(2)  0.37669(11)  0.31384(6)  1.40(2) 
C17     1.0869(2)  0.14221(13)  0.45513(7)  1.92(2) 
C18     0.3247(2)  0.42914(13)  0.30653(7)  1.83(2) 
C19     1.2846(3) -0.01466(14)  0.44650(9)  2.81(3) 
C20     0.8092(2)  0.48311(11)  0.38792(6)  1.41(2) 
 




2U13(aa*cc*)cos β + 2U23(bb*cc*)cos α) 
 
X-ray Crystallography of 1 
 
Single crystals suitable for X-ray crystallography were obtained by a diffusion of 
chloroform into an acetonitrile solution of 1 under argon atmosphere. X-ray diffraction 
data were collected at 150 K on a Rigaku XtaLAB mini diffractometer with graphite 
monochromated Mo Kα radiation (λ = 0.71070 Å). The structure was solved by direct 
methods (SHELX97)[1] and expanded using Fourier techniques. The non-hydrogen 
atoms were refined anisotropically. Hydrogen atoms were refined using the riding 
model. The final cycle of full-matrix least-squares refinement[2] on F2 was based on 
3620 observed reflections and 244 variable parameters and converged (largest 
parameter shift was 0.00 times its esd.) with unweighted and weighted agreement 
factors of:  
 
R1 = Σ ||Fo| - |Fc|| / Σ |Fo| = 0.0521  
wR2 = [ Σ ( w (Fo2 - Fc2)2 ) / Σ w(Fo2)2]1/2 = 0.1158  
 
The goodness of fit[3] was 1.03. Unit weights were used. The maximum and minimum 
peaks on the final difference Fourier map corresponded to 0.24 and -0.23 e-/Å3, 
respectively. A total of 15453 reflections were measured and 3620 were unique (Rint = 
0.0584). Crystal data and refinement statistics are shown in Table S3. Atomic 
coordinates and Biso/Beq factors are listed in Table S4. Crystallographic data of 1 has 






[1] Sheldrick, G.M. Acta Cryst., 2008, A64, 112-122. 
[2] Least Squares function minimized: (SHELXL2013) 
Σw(Fo2-Fc2)2     where w = Least Squares weights. 
[3] Goodness of fit is defined as:  
    [Σw(Fo2 - Fc2)2/(No - Nv)]1/2 
  where: No = number of observations 
       Nv = number of variables 
 
Table S3. Crystal data and structure refinement for 1 
 
Empirical Formula C20H15NO6 
Formula Weight 365.34 
Crystal Color, Habit yellow, platelet 
Crystal Dimensions 0.200 X 0.200 X 0.010 mm 
Crystal System monoclinic 
Lattice Type Primitive 
Lattice Parameters a = 7.350(6) Å 
 b = 7.7031(11) Å 
 c = 28.190(4) Å 
 β = 96.46(4) o 
 V = 1586.0(13) Å3 
Space Group P21/n (#14) 
Z value 4 





µ(MoKα) 1.143 cm-1 
Diffractometer XtaLAB mini 
Radiation MoKα (λ = 0.71075 Å) 
2θmax 55.0o 
No. of Reflections Measured Total: 15453 
 Unique: 3620 (Rint = 0.0584) 
Corrections Lorentz-polarization 
2θmax cutoff 55.0o 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (All reflections) 3620 
No. Variables 244 
Reflection/Parameter Ratio 14.84 
Residuals: R1 (I>2.00σ(I)) 0.0521 
Residuals: R (All reflections) 0.0868 
Residuals: wR2 (All reflections) 0.1158 
Goodness of Fit Indicator 1.027 
Max Shift/Error in Final Cycle 0.000 
Maximum peak in Final Diff. Map 0.24 e-/Å3 
Minimum peak in Final Diff. Map -0.23 e-/Å3 
 
 
Table S4. Atomic coordinates and Biso/Beq 
 
atom x y z Beq  




O2      0.80629(18)  0.70081(19)  0.26412(5)  2.04(3) 
O3      1.30315(19)  0.87385(19)  0.18425(5)  2.22(3) 
O4      1.19365(18)  0.6701(2)  0.40125(5)  2.18(3) 
O6      0.6115(2)  0.2108(2)  0.48652(6)  2.78(3) 
O20     0.9184(2)  0.1488(2)  0.48244(6)  3.46(4) 
N5      0.8567(2)  0.9178(2)  0.36030(6)  1.96(3) 
C7      1.0742(3)  0.7950(3)  0.30801(7)  1.71(3) 
C8      0.9795(3)  0.7667(3)  0.26329(7)  1.72(3) 
C9      1.0633(3)  0.8044(3)  0.22345(7)  1.76(3) 
C10     1.3437(3)  0.8819(3)  0.27248(7)  1.95(4) 
C11     0.8000(3)  0.6447(3)  0.31311(7)  1.74(3) 
C12     1.0279(3)  0.6649(3)  0.38992(7)  1.61(3) 
C13     0.6146(3)  0.4947(3)  0.44653(7)  1.86(4) 
C14     0.6928(3)  0.3452(3)  0.46440(7)  1.93(4) 
C15     0.6392(3)  0.7754(3)  0.40752(7)  1.91(4) 
C16     0.7223(3)  0.6100(3)  0.42192(7)  1.70(3) 
C17     0.9064(3)  0.5657(3)  0.41769(7)  1.65(3) 
C18     0.8760(3)  0.3067(3)  0.46200(7)  2.09(4) 
C19     0.9859(3)  0.4142(3)  0.43976(7)  2.01(4) 
C21     1.2439(3)  0.8584(3)  0.22912(7)  1.74(3) 
C22     0.9415(3)  0.7568(3)  0.34424(7)  1.61(3) 
C23     1.2550(3)  0.8515(3)  0.31298(8)  1.94(4) 
C24     0.7056(3)  0.9108(3)  0.38419(7)  1.99(4) 
C25     1.1381(3)  0.8721(3)  0.15229(8)  2.41(4) 
C26     0.7581(3)  0.0910(3)  0.50217(8)  2.51(4) 





Beq = 8/3 pi2(U11(aa*)2 + U22(bb*)2 + U33(cc*)2 + 2U12(aa*bb*)cos γ + 
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